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Introduction
Competition among species strongly affects many animal communities (Connell 1933 , Schoener 1983 , Gurevitch et al. 1992 . For rodents, Grant (1972) early generalised the importance of competition, and Schoener (1983) showed that most strdies on rodents, including Clethrionomys and Apodemus, ascertained at least some degree of competition. However, other studies suggested this importance has been over-emphasized (eg Kincaid and Cameron 1982 , Galindo and Krebs 1985 , Wolff and Dueser 1986 , Scott and Dueser 1992 .
Although interspecific competition among small mammals has been intensely studied during the past two decades, its role remains uncertain for many species assemblages and environments. Unequivocal evidence on the prevalence of competition can only by provided by removal or exclusion experiments. For rodents in desert or dry environments, evidence of interspecific competition was found in experiments by Munger and Brown (1981) , Thompson and Fox (1993) and Heske et al (1994) , but not by Abramsky and Sellah (1982) . For herbaceous ecotones, competition effects were found by Busch and Kravetz (1992) , and by Thompson and Fox (1993) . For wooded areas of temperate regions, most removal experiments (Montgomery 1981 , Gilbert and Krebs 1984 , Wolff and Dueser 1986 , Turner and Grant 1987 , Scott and Dueser 1992 found no or slight competition within the rodent community, but others (Sekijima and Sone 1994, Dooley and Dueser 1996) did.
The wood mouse Apodemus syluaticus (Linnaeus, 1758) and the bank vole Clethrionomys glareolus (Schreber, 1780) dominate the rodent communities in the lowland forests through Italy Fasola 1991, Canova 1992 ) and, with the yellow-necked mouse Apodemus flavicollis, through most of central Europe (Corbet and Harris 1992) . The realized niches of the bank vole and of the wood mouse differ in several components (Gurnell 1985) . The bank vole is a typical forest species (Pucek 1983 , Gurnell 1985 , eats more leaves and green plant parts (Hansson 1985, Canova and Fasola 1993) , and is more diurnal than the wood mouse (Wojcik and Wolk 1985) . In northern Italy, diet, activity time, and microhabitat use differ between bank voles and wood mice (Canova 1993) . This segregation of bank voles and wood mice along some dimensions of their niche is a necessary, albeit insufficient, indication that competitive interactions exist. It was suggested that these two species may compete for food and habitat (Gliwicz 1981 , Ylonen 1990 , particularly when their densities are high and food and space become limiting (Gurnell 1985) . However, the lack of relationship between the abundance of one species and that of the other (Geuse and Bachau 1985) , suggests that factors other than competition determine niche segregation. An experimental approach is needed to detect the existence of competition between the wood mouse and the bank vole, as already highlighted by Gurnell (1985) . Gliwicz (1981) performed an experimental removal of the yellow-necked mouse and the bank vole, and found evidence of competitive release of the striped field mouse Apodemus agrarius, but the two species were not removed one by one, and the study lasted only seven months.
This paper describes the first selective experimental removal of the bank vole and the wood mouse, aimed to test the existence of competition between these two species. Population density, reproductive condition, body mass, and habitat use of the two species are compared for two sites where the other, possibly competing, species had been removed, and for one control site where rodent densities had not been manipulated.
Material and methods
This study was carried out in the "Bosco Negri" Nature Reserve, a mesic woodland near Pavia (NW Italy). The 35-ha woodland has experienced undisturbed growth for the past 60 years and is dominated by Quercus robur, Populus alba, and P. nigra at the overstorey level, by Crataegus monogyna, Robinia pseudoacacia, Fraxinus ornus, and Ulmus minor at the understorey level, and by Rubus sp. and Solidago sp. at the forbs and grass level.
Trapping scheme
The experimental design included two treatments on removal-grids: selective removal of bank voles in one grid (thereafter called vole removal-grid) and selective removal of wood mice in a second grid (mouse removal-grid), and one control in the third grid (control-grid). Sampling was conducted using standard Capture-Marking-Recapture methods (CMR). During the pre-removal period (from February to April 1991), the rodents were simply captured, marked, and released. During the removal period (from May 1991 to April 1993), all captured bank voles and wood mice were eliminated from their respective removal grids and released at > 1 km distance. During the post-removal period (from May 1993 to October 1995), the populations were monitored without further manipulation.
The trapping grids were placed at three sites we selected, among 6 potential sites we had live trapped from October 1990 to January 1991, on the basis of the following criteria: (1) homogeneity in vegetation, litter depth and soil type, both within and between grids, to the eyes of the researchers; (2) presence of wood mice and bank voles in similar densities; (3) absence of other abundant species, only the Savi pine vole Microtus savii was occasionally trapped in the three grids (0.7% of the total individuals captured); (4) distance among grids (> 500 m) sufficient to preclude routine inter-grid movements by the rodents. Inter-grid movements were actually rare. Throughout our study, only 0.07% (bank vole) and 0.32% (wood mouse) of the individuals were captured in grids other than the one where they had been marked.
Trapping grids were square networks of 8 by 8 capture points, spaced at 10 m from each other, a distance suggested by Gurnell and Flowerdew (1990) for trapping in deciduous forests. When the total daily catches exceeded 50% of the traps, we provided two Sherman live traps at each capture point to reduce trap saturation. During capture sessions, the traps where baited with sunflower seeds and checked twice per day. Each capture session lasted 7 days per months and was carried out simultaneously in the 3 grids. Each captured individual was marked by toe-clipping, according to Twigg (1978) , a technique that does not impair survival in small mammals (Braude and Ciszek 1998) . Each captured individual was weighed (Pesola balances, 0.1 g approximation), and its age (adult, subadult, juvenile), sex and reproductive status were recorded following routine procedures (Gurnell and Flowerdew 1990) . We used body mass of the adults as an index of body condition. The criteria adopted for discriminating adults were: full brown (bank vole) and brown and yellow fur (wood mouse), mass > 15 g, and scrotal testes or perforate vagina during the breeding season; individuals previously captured in reproductive activity, and mass > 17.5 g during winter (Gurnell and Flowerdew 1990) .
Habitat assessment
We adopted the approach proposed by Dueser and Shugart (1978) , and used for our previous studies of mammal habitat use Fasola 1991, Canova 1993) . We measured the following six variables within a 5-m radius circle centered on each trap site: (1) litter depth: penetration of a graduated scale into the vegetal debris covering the soil (cm); (2) fallen logs: their total number (diameter > 10 cm) within the circle; (3) understorey density: total number of bushes and small trees (those with diameter from 2.5 to 24 cm at shoulder height) within the circle; (4) understorey size: average circumference of shrub stems and small trees, measured at shoulder height (cm); (5) overstorey dersity: total number of trees (with diameter > 24 cm at shoulder height) within the circle; (6) overstorey size: tree average circumference at shoulder height (cm).
Data analysis
Population data, obtained by CMR, were analysed using Capture 2.1, a software package that provides estimates for closed populations (White et al. 1982) . Initially, population closure was tested for each 7-day capture session. Population closure was confirmed by Capture 2.1 for 80% of the sessions, ie in most cases population size did not change due to immigration, emigration, natality or mortality through a session. Such population closure was expected, due to the short duration of a trapping session in relation to the life span and to the reproductive rate of the species.
Population size was then estimated for each capture session. Capture software analyses the Capture-Marking-Recapture data in the following four steps. (1) Computes capture probability for each individual. (2) Devises models that allow for capture probability variations due to behavioural, temporal, and heterogeneous factors. Eight models were tried, M 0 assuming equal trappability for each individual, M, allowing capture probability to vary with time, M b allowing capture probability to vary with behavioural responses, M h allowing capture probability to vary individually, and the four models resulting from all the permutations of M, M 6 (3) Selects the BEST-FIT model. The model selected for the bank vole was M/, for 20 trapping sessions, for 2 sessions, and M 0 for the remaining 32 sessions, and for the wood mouse it was for all sessions except 2 for which M 6 was selected. (4) Uses the BEST-FIT model to provide an estimator for population size.
To test the effects of competitor removal on the other species, we could not simply contrast the difference in population density between control-and removal-grids. The values of population time series are typically auto-correlated and hence difficult to test. Our time series were no exception, and their values were auto-correlated, both in the bank vole (correlation between population at month n, and population at month n -1 through the entire study, r 55 = 0.67, p < 0.001) and in the wood mouse (r 55 = 0.80, p < 0.001). However, we are interested not in the population density, but only in their differences among grids. Therefore, we overcame the auto-correlation bias by calculating for each species the proportional difference between the control-and the removal-grids, ie for each month, the difference in population density between the two grids, divided by the population density of the control-grid. Dividing by the monthly population density neutralised the seasonal and annual variations in abundance. These proportional difference values were not auto-correlated; no significant correlation existed between the proportional difference at month n and at month n-1, both in the bank vole (r 55 = 0.11, ns) and in the wood mouse (r 55 = 0.05, ns). This approach overcame the auto-correlation problem, but may have not overcome the data independence problem. However, this was the only possible approach in the absence of grid replications.
For body mass, we sought evidence of competitive effects by calculating the proportional difference in mass of adults in the control-and in the removal-grids. We calculated the difference between the monthly means in the two grids, and divided by the mean mass in both grids; division by the monthly mean mass neutralised seasonal and annual variations. In order to limit bias due to very small sample size, we retained the mass averages for the only months with > 5 body mass measures for a given species and sex. This caution eliminated most data points for the bank vole from late 1993 to late 1994 when its population was low.
For the tests of the differences in habitat use by the two rodents, we considered only the point of first capture of each individual, and not its successive recaptures, in order to avoid the bias arising from possible attraction to bait and multiple captures of some individuals, or from trap avoidance and less capture of other individuals.
Results

Population density
Before removal, the densities of the two mammals were similar in their respective removal-grids and the control-grid. From March to June 1991, bank vole densities in the mouse removal-grid (mean = 106.5 ind/ha, SD = 26.7) and in the control-grid (90.6 ± 17.7 ind/ha) did not differ significantly (¿-test for paired samples: t 3 = -0.82, ns). Likewise, wood mouse densities in the vole removal-grid (71.0 ± 4.8 ind/ha) and in the control-grid (58.1 ± 15.4 ind/ha) did not differ significantly (t 3 = -1.87, ns). This ensures that initial conditions were similar in the control-and the removal-grids.
The efficacy of our experimental removal was evaluated by comparing the abundance of each species in its respective removal-grid, with its abundance in the control-grid during the same capture sessions (Fig. la) . The number of removed individuals remained high during the first 2 months of removal, when it averaged 88% (wood mouse) and 59% (bank vole) of the minimum number alive (MNA) in the control-grid. After these first two months, the number of rodents removed from their respective removal-grids decreased and remained constant throughout the rest of the removal period, during which it averaged 57% (wood mouse) and 26% (bank vole) of the MNA in the control-grid. This constancy is shown by the absence of significant trends (see the two regression lines in Fig. la) in the ratio removed/MNA, both for the bank vole (r 19 = 0.15, ns) and for the wood mouse (r 19 = 0.06, ns). On the other hand, the ratio females:males among the removed mammals decreased throughout the removal period in both species (Fig. lb) ; despite much variation among months, the correlation was significant for both the bank vole (r 21 = 0.51,/? < 0.05) and the wood mouse (r 21 = 0.56, p < 0.05). The sex ratio in the removal grids decreased from the initial 1:1 in both species, to about 0.3 females: 1 male (wood mouse) and to about 0 females: 1 male (bank vole) during the last months of removal (Fig. lb) . We conclude that our experimental removal decreased substantially the density of the two species. Their abundance in the removal grid was decreased to about two-thirds of the non-manipulated population in the control--grid for the wood mouse, and to about one-third for the bank vole; this decrease affected particularly the females. Removal periodPost-removal period Competitive effects were supported if the population of one species increased in relation to competitor removal. During the removal of the possible competitors, wood mice increased very slightly in comparison to the control-grid (Fig. 2) , and non-significantly (r 23 = 0.31, ns). On the other hand, the bank vole increased significantly (r 23 = 0.41, p < 0.05) and substantially during competitor's removal, and at the end of the second year of removal, its density in the mouse removal-grid was almost two times higher than in the control-grid (see regression line in Fig. 2) . During the post-removal period, these trends were reversed, and the populations decreased gradually and significantly, both in the wood mouse (r 30 = 0.36, p < 0.05) and in the bank vole (r 30 = 0.49, p < 0.01). The final population density for both species was similar to that before removal.
Body condition
Body mass varied throughout our experiment (Fig. 3) . For both species and sexes, body mass decreased during the competitor removal period. The statistics for the regression lines shown in Fig. 3 for the removal period are: r 10 = 0.17, ns for males and r u = 0.32, ns for females of wood mouse; r 10 = 0.64, p < 0.05 for males and r n = 0.73, p < 0.01 for females of bank vole. On the other hand, during the post-removal period, body mass tended to increase again toward the initial value (r 18 = 0.68, p< 0.001 for males and r 19 = 0.34, ns for females of wood mouse; r 7 = 0.22, ns for males and r 8 = 0.04, ns for females of bank vole). Therefore, body mass varied with trends ( Fig. 3) that were opposite to the trends of the conspecific density (Fig. 2) , ie mass decreased during the concomitant increase in conspecific abundance, and vice versa. Despite these general trends, however, no significant correlation was found between mass and conspecific density, for neither of the two rodents.
Reproductive condition
We considered the frequencies of mature males (with fully developed scrotal testes), receptive females (with open vagina), and reproductive females (pregnant or lactating), as indicators of the population reproductive condition. As with the other variables, we sought competitive effects by calculating the difference in frequency between the removal-grids and the control-grid. The frequency of the three categories did not show any trend that could be related to the experimental removal (Fig. 4) . No significant correlation emerged between month and the frequency of any of the categories shown in Fig. 4 , either during the removal period or the post-removal period.
Habitat
The three grids had similar habitat characteristics, with the only exception of the variance in overstorey density ( Table 1 , first row that contrasts all the capture points in the three grids). In the control-grid, the two mammals used very similar habitats, as can be seen from the similar plots in Fig. 5 . This similarity is confirmed by the tests reported in Table 1 (second row, bank vole vs wood mouse in control-grid only). No significant difference emerged except for the larger understorey size at wood mouse capture points. If a competitive effect were present, it would produce habitat shifts in relation to competitor removal. The main competitive effect would likely be an increased habitat breadth due to competitor removal, and this effect would be testable as an increase in variance of the measured habitat characteristics. No such effect was observed, either for the bank vole or the wood mouse, when their habitat use in removal-grids was compared among pre-removal, removal, and post-removal periods (Fig. 5 and the third and fourth rows in Table 1 ). On the other hand, many significant differences emerged for both rodents between control-grid and removal--grids (the two bottom rows in Table 1 : contrasts limited only to the removal period). However, these differences do not support a competitive effect because the habitat shifts were non-directional. Bank voles increased their habitat breadth in the grid where their competitors were removed for 3 of the 5 characteristics with non-homogeneous variance, but decreased breadth for the other 2 characteristics, as shown in Fig. 5 . Similarly, wood mice increased habitat breadth for 2 of the characteristics with non-homogeneous variance, but decreased breadth for the other 2 characteristics. These slight but significant differences in habitat use may have been caused by local differences in other characteristics of the environment. 
Discussion
Evidence for competition between species of the genera Apodemus and Clethrionomys has been found in some studies. C. rutilus decreased in abundance during density peaks of C. rufocanus (Viitala 1984) . A. sylvaticus displaced Micromys minutus during periods of food limitation in a manipulative experiment (Ylonen 1990) . In a removal experiment, densities of A. argentatus were affected by those of A. speciosus, but the reverse effect did not occur (Sekijima and Sone 1994) . On the other hand, inference from habitat use and population density showed that the role of competition between A. sylvaticus and A. mystacinus is probably very small (Abramsky 1981) . No evidence for competition was found between A. sylvaticus and A. flavicollis, two very similar species that live syntopically in Britain. Despite the existence of spatial segregation due to aggression (Montgomery 1980b) , neither evidence from population dynamics (Montgomery 1980a) nor from a removal Q. experiment (Montgomery 1981) supported the existence of competition, and it was concluded that ecological differences contribute to their stable coexistence. Gurnell (1985) reviewed distribution, population, and habitat use of bank vole, wood mouse and yellow-necked mouse, and concluded that the available knowledge does not provide evidence of competition, although occasional competition may occur at high densities. The only previous removal experiment involving bank voles anc wood mice showed that density and mortality of A. agrarius were affected by yel.ow-necked mice and bank voles (Gliwicz 1981 (Gliwicz , 1984 , but this experiment lasted only 7 months and the competitors were not removed selectively.
During our experimental removal of the two rodent species, we found evidence that competitor removal affected strongly the population density of bank voles, but not, or very slightly, that of the wood mice. This effect was strongly asymmetrical because the increase in bank voles followed a competitor density reduction by one-third only, whereas the wood mouse did not increase despite its possible conpetitor had been experimentally reduced by two-thirds. Reproductive condition was not affected by changes in the density of competitors or of conspecifics. No habitat shifts were observed that could be related to competitor removal. The vaiiations in body condition occurred with trends that were opposite to those of cor.specific density, but without a significant correlation. The decrease in mass of bank vole males and females during competitor removal is difficult to explain, because weight dynamic in small rodents is not well understood. In bank voles, it is not clear whether the mass decrease in winter is due to changes in individual mass, or :o changes in the age structure of the population and to a higher mortality of oldar and heavier individuals (Grodzinski 1985) . Changes in body mass are only paitially linked to the annual fat cycle (Pucek 1973) and reflect a general dynamic of ,he gross body composition in water, protein and fat. The constant decrease in bocy mass of bank voles during the 3-year competitor removal, a period much longer than the average life span of the rodent, could be due to a variation in age stricture. In bank vole, competitor removal could make juveniles easier to capture, coUd increase colonisation by juveniles and subadults during pre-breeding dispersal, and could increase colonisation by lighter subordinate individuals during winter (effects suggested for other rodents by Lidicker 1985) . These effects could alter the ag( structure, and lower the mean mass of the bank vole population in the mouse renoval-grid.
We conclude that the bank vole was affected by the competitive presence of the wo)d mouse, but only with respect to density. On the other hand, no significant conpetitive effects of the bank vole on the wood mouse were noted. Asymmetrical conpetition is not surprising, since three independent reviews (Lawton and Hassell 19il, Connell 1983, Schoener 1983) found respectively 61, 66, and 84% of studies on competition having discovered strongly asymmetrical interactions. But in the case of the wood mouse and the bank vole, such asymmetry is not easy to explain, sime the two species do not show a clear behavioural hierarchy (Lambin and Baichau 1989) .
